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ABSTRACT
Aptamers are specific binding nucleic acids that emerge from in vitro selection. During the systematic evolution of ligands by exponential enrichment (SELEX) procedure, analysis of the sequences of the numerous selected individual molecules becomes an important step in the final stage of aptamer selection. The sequencing of cloned aptamers from the selected pool generally reveals groups of identical sequences and rarely occurring individual aptamers. This study demonstrates an approach similar to the single strand conformation polymorphism (SSCP) method used for mutation testing in genes. Human angiotensin I-specific aptamers have been used to show the efficiency of the SSCP method to classify selected individual sequences into identity groups, which minimizes sequencing efforts. Additionally, this approach allows the rapid isolation and identification of aptamers from a mixture.
INTRODUCTION
Initially, when aptamer selection [systematic evolution of ligands by exponential enrichment (SELEX)] (6) is carried out, a randomized DNA oligonucleotide library containing more than 10 14 individual sequences is used (1, 4, 5, 9, 13) . After 10-15 rounds of selection, this diversity decreases to approximately 10 3 , giving rise to a mixture of sequences. Sequencing of randomly selected clones chosen from the selected pool usually reveals separate groups of identical sequences that account for over 30% of the pool. Other groups are less numerous, and some unique sequences are also present (3) .
Here, we describe a method of sorting aptamers from an affinity-enriched library into groups based on the distinct migration profiles of individual sequences on non-denaturing polyacrylamide gels. This method is similar to mutation detection by the single strand conformation polymorphism (SSCP) (11) method and allows complex analysis within the affinity-enriched pool without the knowledge of individual aptamer sequences.
MATERIALS AND METHODS
Peptide and Affinity Resin
Peptides corresponding to the sequences of angiotensin I (Asp-ArgVal-Tyr-Ile-His-Pro-Phe-His-Leu) and angiotensin II (Asp-Arg-Val-Tyr-IleHis-Pro-Phe) were synthesized using 9-fluorenylmethoxycarbonyl amino acid-based, solid-phase peptide synthesis on a Rink ® resin (CalbiochemNovabiochem AG, Laufelfingen, Switzerland). After synthesis, the peptides were cleaved from the resin and purifi ed by reversed-phase HPLC.
The oligonucleotides were selected on a Tenta-gel ® (Rapp Polymere GmbH, Tübingen, Germany) resin with immobilized angiotensin I, synthesized as previously described. The peptide concentration on the resin was 22 nmol/g. To remove Tenta-gel-specific sequences during the selection process, a sample in which angiotensin was replaced by amino groups was used.
Library
Oligonucleotides used for selection were made in an ASM-102V ® DNA synthesizer (Biosset, Novosibirsk, Rus - The DNA pool containing 30 variable nucleotides (28 µ g; 6 ×10 14 individual sequences) flanked by fixed sequences complementary to the primers, 5 ′ -GGGATCCTGCTGCCATAG-3 ′ direct and 5 ′ -GCAGGTCGACTTTCCA -ATCAA-3 ′ reverse, was used for selection. ssDNA was prepared using a biotin-containing reverse primer. Strand dissociation was conducted in a denaturing acrylamide gel according to a method previously described (12) .
Selection of Angiotensin Aptamers
In all of the experiments involving the selection and analysis of aptamers, the direct primer was labeled with 32 P, using T4 polynucleotide kinase before PCR. In the first round of selection, 1 nM synthesized DNA library in 1 × binding buffer (500 µ L 10 mM HEPES, pH 7.4, and 100 mM NaCl) was incubated with the angiotensin-free carrier Tenta-gel for 20 min at 7°C. The binding reaction was performed in a 1.5-mL microcentrifuge tube, and after centrifugation at 14 000 ×gfor 1 min the supernatant was collected. The supernatant was then incubated with the Tenta-gel resin containing 10 nM angiotensin for 20 min at 7°C. The resin was washed twice with 500 µ L 1 × binding buffer and once with HS buffer (10 mM HEPES, pH 7.4, and 1 M NaCl). The bound DNA pool was eluted with 100 µ L elution buffer containing 10 mM HEPES, pH 7.4, 1 M NaCl, and 0.1% Triton ® X-100. The eluted DNA (P1) was precipitated with ethanol and dissolved in 50 µ L water. For the second round of selection, ssDNA was prepared using P1 as a template. The binding of the ssDNA pool with angiotensin resin was carried out at increasing NaCl concentrations. The binding buffer contained 100 mM NaCl in rounds 1-4; 250 mM in rounds 5-7; and 400 mM in rounds 8 and 9. Washing with HS buffer was omitted from rounds 5-9.
After round 9, the selected DNA (P9) was cloned into the pGEM ® -T vector (Promega, Madison, WI, USA). To obtain single-strand aptamer DNA from separate clones, the bacteria of each transformed colony were lysed in 100 µ L lysis buffer (10 mM Tris-HCl, pH 8.0, 0.5% Tween ® 20, and 100 µ g/ mL proteinase K) for 1 h at 56°C. The preparation was heated for 5 min at 95°C, and 3 µ L preparation were used for PCR.
Determination of the Dissociation Constant
To confirm the binding specificity of the selected aptamers with angiotensin I, the binding reaction was conducted in the presence and absence of free angiotensin. Radioactively labeled samples of the ssDNA of individual clones were bound to the angiotensin carrier, under the same conditions used for selection or in the presence of 10-fold excess free angiotensin, and the amount of the bound DNA was measured. The dissociation constant of the ssDNA/ peptide complex was calculated according to the formula
where [P] and [X] are the concentrations of unbound peptides and oligonucleotides, respectively, and [PX] is the concentration of the complex.
Analysis of Clones by the PCR-SSCP Method
To conduct the analysis, lysates from bacterial colonies were prepared as previously described. We obtained labeled DNA to be analyzed using 5 µ L lysate as template to enhance the amount of aptamer DNA inserted into the plasmid during the first PCR procedure. A 100-fold dilution of the resulting PCR product was used as template in a second PCR, with the reverse primer concentration 100-fold lower than the 5 ′ -labled direct primer, resulting in the preferred production of the direct strand. The PCR product obtained was mixed with loading dye (90% formamide, 20 mM EDTA, 0.05% bromophenol blue, and 0.05% xylene cyanol) in a 1:1 ratio, heated to 95°C for 5 min, and gradually cooled to 4°C. Then, the preparation was transferred onto ice and electrophoresed at 8°C in 20% polyacrylamide gel (i.e., acrylamide/bis-acrylamide; 30:1) using TBE buffer (89 mM Tris-borate, pH 8.0, 89 mM boric acid, and 2 mM EDTA). The gel (18 cm × 16 cm × 0.75 mm) was run at 290 V and 17 mA for 16-18 h. The resulting gel was fixed for 10 min in a solution containing 10% cold acetic acid, 25% ethanol, and 1% glycerol. The gel was then dried in a vacuum dryer and subjected to autoradiography. For the excision of material for re-amplification, the gel was dried without fixation. The excised material was placed into a tube with 100 µ L water. After 1 h incubation at 37°C, 10 µ L eluate were used for analysis, similar to those used to analyze bacterial lysates.
RESULTS
The SELEX procedure (6), as applied to ssDNA, was used for the selection of angiotensin aptamers (5). The combinatorial library, initially containing about 10 14 individual DNA oligonucleotides, was bound to angiotensin I immobilized on a carrier, and the fraction binding to the resin was amplified using primers complementary to the constant segments. To remove resin-specific sequences, counter selection was carried out with the same resin, but the angiotensin was replaced by amino groups.
In the first round of selection, the amount of DNA bound on angiotensin I-containing resin was near 0.1% of the applied amount. After nine rounds of selection, the amount of resin-bound DNA was 6% of the applied amount, and this level was not exceeded during the subsequent rounds. The resulting pool of oligonucleotides obtained after the ninth round was cloned into the pGEM-T vector.
Nine randomly selected clones were subjected to further analysis. The aptamer portion of each clone was amplified, the single-strand aptamer was isolated, and each molecule was analyzed for binding to angiotensin. All of the clones showed specific binding to immobilized angiotensin I, as shown by competition with angiotensin I free in solution. However, angiotensin II did not prevent aptamer binding with immobilized angiotensin I under similar conditions, demonstrating the specificity of the aptamers. Table 1 shows sequences and affinity constants of the aptamers obtained through selection. The nine clones repre -sent only six individual sequences. The dissociation constants of individual aptamers (170-510 nM) were determined at 10 -9 mol angiotensin I on the resin.
To analyze aptamers by the SSCP method, their DNAs were prepared, and gel electrophoresis and autoradiography were subsequently performed as described in Materials and Methods. Aptamers of the same sequence (nos. 10 and 70; 6, 22, and 65) show similar mobility, whereas the aptamers with different sequences (nos. 4, 8, and 26) ( Table  1) have different mobilities (Figure 1) .
Amplification of the major and minor bands of clone DNAs nos. 2 and 8 demonstrate (Figure 2 ) that each band of the pattern carried similar molecules that were able to generate the initial pattern, a "fingerprint" of the individual molecule. The ability to repeatedly generate the same pattern is retained, even when two aptamers are mixed together ( Figure 2 ). Clone no. 74 ( Figure  1 ) differs from the others in that its corresponding pattern contains two intense bands. We presumed that this phenomenon could have been caused by the incorporation of two plasmids with different insertions into the clone. To verify this presumption, we carried out the re-amplification of samples taken from two intense bands formed by the DNA of this clone. The band with higher mobility formed a pattern typical of (and identical to) clone no. 6 (data not shown), whereas the pattern generated by the lower mobility band is identical to the pattern of clone no. 25 (Figure 1 ).
DISCUSSION
The dissociation constants of aptamers with different, low molecular weight ligands vary from 125 µ M for arginine (8) to 100 nM for theophyllin (10) , whereas the dissociation constants specified for dozens of different proteins vary from 20 to 0.007 nM (3, 6) . Data for comparatively low molecular weight peptides are scarce, but their dissociation constants are typically higher (19-200 nM) than those for proteins, which can be accounted for by the fact that the energy loss of the peptide molecule in binding might exceed the energy acquirable from the potential contact points (6, 14) . Hence, the dissociation constant values determined in this paper are similar to those reported for other aptamer-peptide interactions.
The 3-D structure of aptamers is of decisive importance for their binding to the target, but, in this study, we used its particular features for the identification of aptamers. We indentified the conformational characteristics of the aptamers by using the conformational polymorphism of ssDNA, which underlies SSCP analysis. This method is based on the effect of the different mobility of ssDNA molecules with different sequences in non-denaturing polyacrylamide gel. In many cases, even a mononucleotide substitution is sufficient to change the mobility of the ssDNA molecule because of the stability and the 3-D shape of diverse secondary and tertiary structures formed by different sequences. Our experiments have shown that this phenomenon can be applied to the 70-member DNA molecules of aptamers.
In addition, we have demonstrated that structurally different molecules have different electrophoretic mobilities, whereas identical molecules have identical mobilities. Hence, we can conclude that aptamers with identical mobility are likely to have the same sequence. The pattern of minor bands, likely to represent the conformational variants of this sequence, can possibly serve as a criterion to indicate the identity of aptamers. One can easily see that the patterns are similar in identical sequences. To prove that the minor bands in fact represent different conformers of one sequence, we isolated and amplified several minor bands from the gel. Each re-amplified band yielded a pattern typical for its relevant aptamer, providing proof that the pattern is typical for this particular sequence ( Figure  2 ). Judging from these criteria, the sequences of aptamer nos. 6, 11, 13, 14, 19, 22, and 65 are identical. Moreover, using these criteria, groups of identical sequences similar to those in Table 2 can be revealed. Table 2 also demonstrates that only 11 individual sequences can be identified among the 23 clones analyzed. The amplification of the samples from the gel can be used for the production and direct sequencing of aptamers, similar to the procedures described for the analysis of point mutation sequences (2) .
In summary, SSCP is useful for the initial characterization of individual aptamer clones produced at the final stage of selection. Aptamers with different unique sequences can be easily distinguished from the rest of the selected aptamers on the basis of their different mobility and minor band patterns. The existence of multiple aptamer conformers within individual DNA sequences has been suggested previously (7) to account for distinctly biphasic binding properties of aptamers. Because binding is a function of the 3-D shape of the aptamer and aptamers with different migration properties have different shapes, the binding properties of distinct conformers should be different. We find it interesting that the three sequences (clone nos. 10 and 70; 22, 6, and 65; and 8) that have lowest dissociation constants also show largely one band on SSCP gels, and we wonder if the highest-affinity aptamers from a SELEX experiment will tend to populate one conformation. Figure 2A) .
